Penicillins and cephalosporins exert their lethal effects on bacteria by inhibiting several enzymes involved in the terminal stages of peptidoglycan synthesis (1) . We have developed a technique for identifying and studying these enzymes as penicillin-binding proteins (PBPs) and have used it to establish which of the PBPs of Escherichia coli are the lethal targets for 8-lactam antibiotics (4) (5) (6) . This techniqpe provides a method for measuring the affinity of novel 8-lactam derivatives for their multiple physiological targets under conditions where permeability barriers between the targets and the P-lactam are absent.
In this paper we describe the binding properties of two new fermentation products (thienamycin and clavulanic acid), which differ markedly in both their side chains and their ring structures from the penicillins and cephalosporins (Fig. 1) . Thienamycin has been reported to have potent broad-spectrum activity with minimal inhibitory concentrations of less than 10 ,ug/ml for all gram-positive and gram-negative bacteria that have been examined (H. Kropp 
MATERIALS AND METHODS
Bacterial strains and conditions of growth. E. coli KN126 try-tyr-ilv-sup-126 was used in all experiments. Cells were grown in Penassay broth (Difco antibiotic medium number 3) at 37°C with vigorous aeration. Cell growth was followed by measuring the absorbance at 550 nm with a Gilford model 300 automatic sampling spectrophotometer, using sterile broth as a blank. Exponentially growing cells were used in all experiments.
Preparation of washed cell envelopes and assay of penicillin-binding proteins. Washed cell envelopes (consisting of inner and outer membranes and peptidoglycan) were prepared from exponentially growing cells as described previously (6) . PBPs were detected by binding ['4C ]benzylpenicillin to washed cell envelopes, selectively solubilizing the inner membrane proteins with Sarkosyl NL-97, and fractionating them on a sodium dodecyl sulfate-polyacrylamide slab gel as described previously (6) . The dried slab gel was impregnated with the scintillant diphenyloxazole, and a fluorograph was prepared by exposure to prefogged Kodak RP Royal X-Omat Xray film (3) . The binding of thienamycin and clavu-lanic acid was measured by their competition for the binding of [14C]benzylpenicillin as described previously (6). PBPs were quantitated by densitometry of their images on the X-ray films with a JoyceLoebl Mklllc microdensitometer.
Measurement of MMCC. The minimal morphological change concentration (MMCC) was defined as the lowest concentration of the antibiotic that produced an alteration of the morphology of E. coli KN126 (5, 6).
Antibiotics.
[14C]benzylpenicillin (52 mCi mmol) was obtained from the Radiochemical Centre, Amersham, England. Clavulanic acid was the gift of Beecham Pharmaceuticals, Betchworth, Middlesex, England, and was supplied as the anhydrous sodium salt. Thienamycin was the gift of Merck Sharp & Dohme, Rahway, N.J.
RESULTS
Figures 2 and 3 show the effects of thienamycin and clavulanic acid on the growth ofE. coli KN126. Concentrations of thienamycin from the MMCC (0.1 ,g/ml) up to 0.6 ,ug/ml had little influence on the increase in absorbance for at least 90 min at 37°C. Within this concentration range thienamycin resulted in the production of large osmotically stable round cells, which were indistinguishable from those produced by the amidinopenicillanic acid mecillinam (5). Above 0.6 ug/ml, rapid lysis ofE. coli KN126 occurred with the release of the cell contents as spheroplasts.
Addition of the MMCC of clavulanic acid (30 ,ug/ml) had little effect on the increase in absorbance for at least 90 min at 37°C. At this time the cells were a mixture of slightly elongated, swollen, bulging, and lemon-shaped cells. Above 50 ,g/ml, increasing amounts of cell lysis occurred with the release of spheroplasts. Thienamycin was highly potent in both its antibacterial action and its affinity for the E. coli PBPs. Clavulanic acid was much less active in both respects and has potential as an inhibitor of (8-lactamases rather than as an antibiotic (2) . The new derivatives bound to the same proteins as [14C]benzylpenicillin although their relative rates of binding to the PBPs were different from those found with penicillins and cephalosporins (6) . Each derivative bound with highest affinity to PBP 2 and with lowest affinity to PBP 3.
The affinity of thienamycin for PBP 2 was only slightly lower than that of the amidinopenicillanic acid mecillinam (5) ; however, whereas the latter compound was completely specific for PBP 2, thienamycin also showed high affinity for the other PBPs. Binding of 3-lactams to PBP 2 results in the production of round cells (4, 5, 7) , and the preferential binding of thienamycin to PBP 2 resulted in the growth of E. coli KN126 as round cells at concentrations from the MMCC (0.1 ,ug/ml) up to about 0.6 Mg/ml. Above 0.6 ug/ml, increasing amounts of cell lysis occurred, presumably due to the high affinity of thienamycin for PBP 1 because this protein (or, as recent results suggest, a component of PBP 1; B.G. Spratt, V. Jobanputra, and U. Schwarz, FEBS Lett. in press) is thought to be the target at which (-lactams bind to inhibit cell elongation, resulting in lysis (4). Filament formation was not observed at any concentration of thienamycin since this derivative showed its lowest affinity for PBP 3, which is known to be the target at which ,8-lactams bind to produce this morphological response (4 [7] , thienamycin, and clavulanic acid).
